Transesterification of oils and lipids in supercritical methanol is commonly carried out in the absence of a catalyst. In this work, supercritical methanol, carbon dioxide, and acetic acid were used to produce biodiesel from soybean oil. Supercritical carbon dioxide was added to reduce the reaction temperature and increase the fats dissolved in the reaction medium. Acetic acid was added to reduce the glycerol byproduct and increase the hydrolysis of fatty acids. The Taguchi method was used to identify optimal conditions in the biodiesel production process. With an optimal reaction temperature of 280 ∘ C, a methanol-to-oil ratio of 60, and an acetic acid-to-oil ratio of 3, a 97.83% yield of fatty acid methyl esters (FAMEs) was observed after 90 min at a reaction pressure of 20 MPa. While the common approach to biodiesel production results in a glycerol byproduct of about 10% of the yield, the practices reported in this research can reduce the glycerol byproduct by 30.2% and thereby meet international standards requiring a FAME content of >96%.
Introduction
Due to higher energy demands, more problems are associated with the widespread use of fossil fuels, recent rises in petroleum prices, and other energy concerns; it is increasingly necessary to develop renewable energy sources with smaller environmental impacts. In recent years, there have been increased demands for biodiesel, which is used as fuel in diesel engine systems. Generally, biodiesel is a mixture of fatty acid methyl esters (FAMEs), which may be derived from a variety of oils, fats, and waste oils and has similar physicochemical properties to conventional diesel [1] [2] [3] . Hence, biodiesel is compatible with existing diesel engines and can be utilized without major engine modifications. In addition, biodiesel combustion decreases emissions of CO 2 , SO , and unburned hydrocarbons. Biodiesel obtained from energy crops favorably affects the environment and can help develop new industries, such as the agroenergy industry, which create employment and boost regional development. For these reasons, this renewable and environmentally friendly biofuel has the potential to ensure the sustainability of energy sources in the future by replacing exhaustible fossil fuels as the main energy supply. Despite the enormous benefits of biodiesel, high processing costs and expensive feedstock have acted as barriers to its development [4] .
Transesterification of oils and lipids into biodiesel consists of replacing the glycerol of triglycerides with a shortchain alcohol, which can be achieved using various processes. Transesterification reactions can be catalyzed using alkaline, acidic, enzymatic, or other kinds of catalysts [5] . Most commonly, biodiesel production utilizes an alkaline catalyst, but it is difficult to adapt this process for use with some waste oils and fats. Enzymatic catalysis takes a long time to completely convert oils and fats into FAMEs. Biodiesel fuels can also be processed from oils via noncatalytic transesterification with supercritical alcohol [6] , a process developed to resolve various problems. Such supercritical treatment can significantly reduce the reaction time, and the properties of the product mixture were found to fulfill international standards as well [7] . The raw material of oils or fats with high contents of free fatty acids can also be converted to FAMEs by an esterification reaction in supercritical methanol [7, 8] . With this process, a high yield of FAMEs can be obtained, and there are no alkaline soaps generated. Moreover, separation 2 Journal of Chemistry and purification of the products are easy [9, 10] . Unlike the alkali-catalyzed method, this method can also be applied to relatively long-chain alcohols.
The production of glycerol as a byproduct, however, has not been avoided (1) , and with the increased production of biodiesel in years to come, a glut of glycerol may result. A method for producing biodiesel without producing glycerol, therefore, may prove efficacious. Ilham and Saka [11] proposed that dimethyl carbonate be used for noncatalytic, supercritical treatment in biodiesel production. Subsequently, Saka and Isayama [12] carried out a process utilizing noncatalytic, supercritical methyl acetate to produce a mixture of FAMEs and triacetylglycerol, commonly known as triacetin, without producing glycerol [12, 13] . Hence, producing a mixture of FAMEs and triacetin has proven feasible, at least in cold climates and at high production costs. Such processes, which convert the glycerol byproduct into useful biodiesel additives, not only solve the problem of a glycerol glut in the market but also have the potential to improve the properties of the biodiesel produced. For instance, methyl acetate was proven to enhance biodiesel properties such as viscosity, flash point, and oxidation stability. Triacetin was also shown to be a valuable antiknock additive [14] .
Saka et al. [15] also proposed a two-step process for converting oils and fats to fatty acids and triacetin using subcritical acetic acid followed by the conversion of fatty acids to FAMEs using supercritical methanol. We believe that methyl acetate can be produced from methanol and acetic acid (2) . Methanol and CO 2 may be catalyzed to form dimethyl carbonate (3) [16] . Hence, from an economic point of view, the simultaneous production of FAMEs and triacetin in a one-step reaction is a promising prospect [17] .
In short, this ideal scenario improves the quality of biodiesel and minimizes the cost of processing biodiesel additives. This reaction is made possible by the transesterification of triglycerides and methyl acetate to produce FAMEs with triacetin as the byproduct instead of glycerol.
In this work, glycerol was subjected to esterification with acetic acid to produce a mixture of acetylglycerols (monoacetin, diacetin, and triacetin) as part of the production of biodiesel (4). We hope, therefore, to reduce the byproduct glycerol produced in biodiesel production and to improve the feasibility of biodiesel production in light of the processing technology and availability of raw materials, thus contributing to the development of this valuable and renewable energy resource
Materials and Methods

Experimental
Planning. This experimental research plan was carried out using the Taguchi design method and an analysis of variance (ANOVA). The Taguchi method [18] systematically applies design and analysis principles to experiments, allowing the use of smaller amounts of experimental data to effectively identify improvements in the production process. This method can be employed in most kinds of industries to design processes and improve product quality with decreased costs, thereby economically optimizing manufacturing processes which may involve multiple factors at different levels. In the Taguchi method, orthogonal arrays are used to reduce the parameter numbers of the experimental trials to a practical yet effective level. Where a great number of independent variables are involved in the design of an experiment, the Taguchi method allows for more-sophisticated analyses of such variables with a smaller number of experiments.
The signal-to-noise ratio (S/N ratio, ) is a ratio of the average and standard deviation calculated from the experimental data. The S/N ratio is the way the Taguchi method statistically measures the quality of production. The S/N ratio equation depends on the criterion of the three quality characteristics to be optimized: higher-the-better, normalthe-better, and smaller-the-better. In this research on the production of biodiesel with higher FAMEs and less glycerol, the S/N ratio of the methyl ester concentration in biodiesel (the higher-the-better function) was used as follows (5):
where is the th quality parameter and is the number of trials.
A number of independent variables are involved in the production of biodiesel from soybean oil, including the reaction temperature, reaction time, molar ratio of methanol/oil, and molar ratio of acetic acid/oil. Taguchi L9 designs and  Taguchi 3 4 partial fractional factorial designs were used, including standard Taguchi L9 orthogonal arrays requiring nine experiments (Table 1) . In this study, the influences of four variables (reaction time, reaction temperature, molar ratio of methanol/oil, and molar ratio of acetic acid/oil) on glycerol contents were investigated. The experimental error was determined by conducting two replicate experiments with detailed statistical analyses of the results. The levels Journal of Chemistry 3 and values of all variables applied in the experiments are presented in Table 2 .
System Set-Up.
Soybean oil bought from a market (Taisugar, Kaohsiung, Taiwan) was used in this research. Samples were converted to methyl esters by noncatalytic transesterification in a supercritical fluid system (Lian-Sheng, Taichung, Taiwan). All runs of the experiment were performed in a 150 mL cylindrical autoclave made of stainless steel (no. 316) as shown in Figure 1 . The sample was loaded into the autoclave by a highpressure pump for each run. In a typical run, the autoclave was charged with a given amount of soybean oil (30 mL) and liquid methanol (20∼80 mL) (Nihon Shiyaku Industries, Osaka, Japan) with variable molar ratios. The reaction tank was heated with an electrical heater, and power was adjusted to give reaction temperatures of 260-300 ∘ C and reaction times of 30-90 min. The system was pressurized with carbon dioxide (20 MPa) (Jing-Shang Gas, Kaoushiung, Taiwan). After completion of the reaction, the high-pressure valve was opened to stop the reaction and separate the products from the reactor. Solvents of control groups used to replace supercritical Methanol were methyl acetate (Panreac, Barcelona, Spain) 50 mL and dimethyl carbonate (Alfa Aesar, MA, USA) 55 mL, respectively. Without adding acetic acid, only 30 mL of soybean oil was added. It was pressurized to 20 MPa at temperature 300 ∘ C with carbon dioxide, and reaction time was maintained up to 60 min. 
2.3.
Conversion of FAME. FAME concentrations of each sample were analyzed (modified from ISO5508) by a gas chromatographic (GC) system (Hewlett-Packard 5890 Packard Series II, Ramsey, MN, USA), equipped with a DB-wax capillary vessel column (30 m × 0.25 mm ID × 0.25 m film thickness of polyethylene glycol). The detector and injector temperatures were both set to 250 ∘ C. The oven temperature was maintained at a constant 200 ∘ C. Methyl heptadecanoate was obtained from Sigma-Aldrich (St. Louis, MO, USA) as an internal standard. All of the analytical assays were performed in duplicate, and mean values are presented. According to the GC integral data, the contraction of FAMEs was calculated by (6)
where Σ is the peak integral area of C14 to C24:1 FAMEs, is the peak area of the internal standard (heptadecanoic acid methyl ester; HAME), is the concentration of HAME in the solution (mg/mL), is the volume of HAME in the solution (mL), and is the sample weight (mg).
Results and Discussion
FAME Content.
This study compared the supercritical methanol method of biodiesel production with two glycerolfree methods: the supercritical methyl acetate and supercritical dimethyl carbonate methods. Table 3 shows critical properties of various solvents. In this work, temperature (300 ∘ C) and pressure (20 MPa) were used, which were higher than those critical points in Table 3 , to ensure that a supercritical medium was generated. Before the reaction, the methanol, soybean oil, and acetic acid divided clearly into three layers. The dimethyl carbonate and methyl acetate mixed very well with the soybean oil. We predicted that the contact area of reaction substrates would affect the reaction rate and yield. After completing the reaction and collecting samples, the glycerol and FAME contents were calculated individually. Figure 2 shows the peaks of the FAME analysis with an interstandard analysis by GC. Samples were obtained using different supercritical fluids in the same reaction situation as supercritical methanol (Run no. 8 in Table 4 ), using a run temperature of 300 ∘ C, a reaction time of 60 min, a pressure of 20 MPa, and a solvent-to-oil ratio of 20. The results showed that using supercritical methanol with acetic acid produced biodiesel with a much better FAME content (63.38%) than methods using supercritical methyl acetate (3.41%) or supercritical dimethyl carbonate (13.77%). This may have been due to an application of the international standard FAME analytical method to C14 to C24:1 FAMEs in the biodiesel samples. Producing biodiesel using the supercritical methyl acetate and supercritical dimethyl carbonate methods also results in the production of monoglycerol acetate, diglycerol acetate, and triglycerol acetate.
The FAME content, which was calculated with a known concentration of HAME (10 mg/mL) using (2), of each run of the experiment is shown in Table 4 . We studied the effects of individual experimental factors on the methyl ester content based on good quality (higher-the-better, (1)) and the calculation of the S/N ratio of each of the experimental factors to determine a set of optimal conditions, as shown in Figure 3 . An optimal biodiesel yield resulted with a temperature of 280 ∘ C, a reaction time of 90 min, a methanol-to-oil molar ratio of 60, and an acetic acid-to-oil molar ratio of 3. After running a confirmation experiment, we obtained an optimal mean FAME content of 97.82%.
ANOVA is a way to statistically authenticate how control factors and parameters affect results. Table 5 shows the ANOVA values for biodiesel production, demonstrating that each reaction factor significantly affected the glycerol and FAME concentrations in the biodiesel reaction system. Biodiesel samples produced were also tested by using them in a diesel generator, which ran smoothly and showed no differences in performance from regular diesel.
Effect of Reaction Temperature.
We investigated the effects of the reaction temperature on the conversion of FAMEs. Results showed that the reaction temperature was the most significant factor affecting both the FAME and glycerol contents. The higher the temperature, the faster the reaction was completed and the more FAMEs that were produced. Higher reaction temperatures resulted in better solubility of the substrates and better molecular activity, which increased the relative probability of collisions and the reaction rate. An increase in the reaction temperature also allowed easier breaking of the bonds of triglycerides and methyl combinations into FAMEs. Too high a reaction temperature for too long a period, however, will break down the FAMEs that have formed and will increase heating costs.
Higher reaction temperatures, however, also produced higher glycerol contents. Thus, a balance between meeting international biodiesel standards and lowering the output of byproducts must be struck in the biodiesel production process.
Effect of Reaction Time.
Increasing reaction times resulted in no significant increase in FAME content, suggesting that the biodiesel conversion reaction had reached homeostasis after a period of time, a result which was consistent with the reaction kinetics curve. In other words, the biodiesel conversion was already completed in a short time. An increased reaction time, however, did increase the glycerol content.
Effect of the Methanol-to-Oil Ratio.
Results showed that a higher proportion of methanol to oil achieved a better concentration of FAMEs in the samples produced; as the proportion of methanol increased, the concentration of FAMEs generated also increased, because methanol acts as a reactant and also provides the main medium for the reaction system. Using more methanol achieved a higher reactant solubility in the reaction system, but samples collected contained a higher ratio of methanol. An additional process was required to recover it.
Effect of the Acetic Acid-to-Oil Ratio.
The molar ratio of acetic acid to oil affected the FAME content; adding more acetic acid to the system produced a higher FAME content. Adding acetic acid also promoted the hydrolysis of triglycerides into fatty acids, which improved the conversion yield. At the same time, methanol and acetic acid reacted in the system to form methyl acetate, which then reacted with the glycerol byproduct to form triacetin and thereby lowered the glycerol content. Methyl acetate is also a cosolvent, which increased the solubility of substrates in the supercritical methanol system.
Conclusions
A method utilizing supercritical methanol to manufacture biodiesel resulted in higher FAME contents while avoiding higher glycerol contents. This method may assist in meeting international standards for biodiesel production while also lowering the production of byproducts. In this research, we added acetic acid to the FAME conversion system, and at the same time, methanol and acetic acid reacted to produce methyl acetate. The acetic acid promoted triglyceride hydrolysis into fatty acids and thereby enhanced the biodiesel conversion in supercritical methanol. The glycerol byproduct then reacted with the methyl acetate to form Journal of Chemistry 5 C17 methyl heptadecanoate S. C. methanol (run no.8 in Table 4 Figure 3: Response graph of higher-the-better signal-to-noise ratios for fatty acid methyl aster (FAME) contents at different conditions (A, temperature; B, time; C, molar ratio (methanol/oil); D, molar ratio (acetic acid/oil)). triacetin, decreasing the glycerol content. Methyl acetate is also a co-solvent, which provides substrate solubility in the supercritical methanol system. In this research, an optimal reaction temperature of 280 ∘ C, a methanol-to-oil ratio of 60, and an acetic acid-to-oil ratio of 3 yielded a FAME content of 97.83% and a glycerol content of 6.98% after 90 min at a reaction pressure of 20 MPa. The current standard method for converting biodiesel using supercritical methanol produced about 10% glycerol. The method used in this study, therefore, decreased the production of the glycerol byproduct by about 30% and met the international standard for biodiesel requiring a FAME content exceeding 96%.
